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As mouse models have become increasingly important in vision
research, it is imperative to fully understand the characteristics of
the mouse visual system (Gianfranceschi, Fiorentini, & Maffei,
1999; Prusky, West, & Douglas, 2000). A broad range of techniques
are available for studying different aspects of the whole vision sys-
tem. For example, electroretinogram (ERG) has been widely used
to evaluate vision functions at the retinal level, and visual evoked
potential (VEP) has been used to assess optic nerve function. At the
cortex level, imaging techniques have been used in addition to the
conventional electrophysiological methods (Caviness, 1975; Wa-
gor, Mangini, & Pearlman, 1980). In recent years, optical imaging
of intrinsic signals has been explored as a novel approach for map-
ping the functional cortex architectures (Smith & Trachtenberg,
2007; Zepeda, Arias, & Sengpiel, 2004). Compared with conven-
tional electrophysiological and other imaging techniques, optical
imaging of cortical activities offers many unique advantages (Grin-
vald, Lieke, Grostig, Gilbert, & Wiesel, 1986), such as a large imag-
ing area with good spatial resolution. Several studies (Kalatsky &
Stryker, 2003; Schuett, Bonhoeffer, & Hübener, 2002) have estab-
lished that optical imaging can be applied to visualize the retino-
topic map of the mouse visual cortex. It is also recognized that
this technique provides a unique means of studying cortical plas-ll rights reserved.ticity in the mouse (Cang, Kalatsky, Löwel, & Stryker, 2005; Smith
& Trachtenberg, 2007).
The goal of this study was to test whether optical intrinsic
signals were different at the visual cortex of three different
mouse strains: wild-type (C57BL/6J), Rhodopsin knockout
(rho/), and cone photoreceptor function loss 1 (cpﬂ1). Because
of the loss of rod function (Humphries et al., 1997), rho/ mice
have been used extensively for investigating cone system func-
tion (Jaissle et al., 2001; Lei, Yao, Zhang, Hofeldt, & Chang,
2006; Toda, Bush, Humphries, & Sieving, 1999). In the cpﬂ1
mouse, there is a genetic defect in the cGMP-phosphodiesterase
a subunit (PDE6C) gene of the cone photoreceptor (Chang et al.,
2002), which leads to the failure of the cone phototransduction
cascade. Although ERG (Lei et al., 2006), VEP (Ridder & Nusino-
witz, 2006), and behavior (Schmucker, Seeliger, Humphries, Biel,
& Schaeffel, 2005) studies have been conducted to study the vi-
sual systems in these mouse strains, no imaging study has been
performed to examine the visual responses at the cortex level.
We hypothesized that signiﬁcant reorganization at the level of
the visual cortex may occur in mouse strains with photoreceptor
defects and that such changes should be detectable using optical
imaging of intrinsic signals. Because rod and cone photorecep-
tors have very different stimulation thresholds, we developed a
stationary ﬂicker stimulation system that can generate a wide
range of intensities from 108.6 to 1015.5 photons/cm2/s. Our re-
sults indicate that the cortex responses detected by optical
intrinsic signals were signiﬁcantly different among the three
mouse strains. This study suggests that our simple optical
1442 X. Fan et al. / Vision Research 48 (2008) 1441–1448imaging setup could provide an additional means for examining
mouse visual functions at the cortex level.
2. Materials and methods
The experiments were performed in thirty-one 4- to 12-week-old C57BL/6J,
fourteen 4- to 7-week-old rho/, and ﬁfteen 4- to 8-week-old cpﬂ1mice. However,
two of the C57BL/6J mice and three of the cpﬂ1 mice were not imaged because of
signiﬁcant cataract formation that was most likely caused by anesthesia. The data
from all other 55 mice were analyzed in this report. All animals were housed under
a 12 h light/12 h dark cycle with free access to food and water. The experiments
were conducted during the light cycle. All animals were dark-adapted for 6 h before
the experiments. Wild-type C57BL/6J mice were purchased from The Jackson Labo-
ratory, Bar Harbor, ME. Rhodopsin knockout (rho/) and cpﬂ1 mice were gener-
ously provided by Dr. Peter Humphries, The Trinity College (Dublin, Ireland) and
Dr. Bo Chang, The Jackson Laboratory (Bar Harbor, Maine), respectively. Both cpﬂ1
and rho/ mice have the same genetic background (C57BL/6). To reduce variation,
4–14 animals of each strain were used for each test.
All experimental procedures have been reviewed and approved by the Animal
Care and Use Committee (ACUC) of the University of Missouri-Columbia and con-
form to the National Institutes of Health guidelines.
2.1. Animal preparation
Optical imaging was acquired through intact skulls. The surgical preparation
and maintenance procedures were similar to those described previously (Gordon
& Stryker, 1996; Kalatsky & Stryker, 2003). Mice were anesthetized by intraperito-
neal injection with a combination of ketamine (75 mg/kg IM) and xylazine
(13.6 mg/kg IM). Two more injections were administered during the experiments
with the same drug combination to maintain anesthetization. The dose of the sec-
ond and third injections was one-third that of the initial injection.
In order to image the mouse visual cortex, the skin above the skull was re-
tracted. A few drops of silicone oil were immediately applied to the exposed skull
to prevent dehydration and keep it sufﬁciently transparent. During preparation,
the eyes were covered with eye protection cream (Goniosol, CIBA Vision, Atlanta,
GA) to prevent dehydration of the cornea. The entire procedure was conducted in
darkness with the assistance of a dim red light (660 nm).
The preparedmousewas then placed in a stereotaxical setup (Fig. 1a)with its left
eye alignedwith the stimulus source (Fig. 1a). In all of the experiments,we stimulated
only the left eye. The right eyewasblockedwith ablackmask toprevent any scattered
light fromentering this eye. Theheadpositionwasﬁxedwithamouthbar tominimize
the movement caused by heartbeat and respiration-related pulsations.
The experiment typically lasted 2 h for each animal. The animals were breath-
ing naturally during tests. The body temperature was maintained at 37 C with a
heating pad. The mouse’s heart rate was maintained between 250 and 350 beats/
min. Both the body temperature and heart rate of the animal were monitored con-
tinuously throughout the procedure.
2.2. Visual stimuli
We applied stationary ﬂicker stimulation in this study. A green LED (LXHL-
FE5C, Lumileds Lighting, St. Jose, CA) was used as the stimulation light source
in the experiments. The central wavelength of the LED was 505 nm and itsFig. 1. (a) A schematic graph of the experimental setup for optical imaging of intrinsic sig
0.2 cycles/deg grating with a 25% duty cycle. The stimulation grating had a visual ﬁeld o
optical axis. (b) Raw image of the mouse cortex. The marked square (200  200 pixels, 3.5
medial; P, posterior; A, anterior. Note that the images of the mouse visual cortex were ﬂ
legend, the reader is referred to the web version of this article.)full-width-half-maximum (FWHM) spectral width was 30 nm. An optical diffuser
made from optical glass (BK7) was used to create a Lambertian illumination
source that illuminated a transparent square-wave grating with a 25% duty cycle
(Fig. 1a). The illumination target was placed 5 cm in front of the tested eye, di-
rectly facing the cornea along the eye’s optical axis with a visual ﬁeld of 30. The
grating was composed of alternating horizontal black and transparent stripes of
0.2 cycles/deg. Gratings of different spatial frequencies between 0.04 and 0.2 cy-
cles/deg were tested in the study, and no signiﬁcant difference in cortical re-
sponse was found. For each stimulus, the LED was turned on for 300 ms three
times within 2 s. The interval between two consecutive tests was 1 min. Light
intensities from 108.6 to 1015.5 photons/cm2/s were achieved using neutral den-
sity (ND) ﬁlters and controlling the LED currents via a computer interface. All
light intensities at the location of the mouse eye were calibrated using a photo
diode (818-ST-UV/CM, Newport Corp., Irvine, CA) coupled with a power meter
(2835-C, Newport Corp., Irvine, CA).
2.3. Optical imaging of intrinsic signals
Optical imaging of the cortical intrinsic signal was acquired using a 12-bit
digital camera (DALSA DS-21-01-M60-11E, Waterloo, Ontario, Canada). The
images were transferred to a personal computer via a Camera Link frame grab-
ber (Solios XCL, Matrox Inc., Canada) for further processing. The camera was
mounted directly above the mouse’s cortex and focused at 500 lm below the
cortical surface. A 9  9 mm area of cortex was imaged with a spatial resolution
of 1024  1024 pixels. The acquired images were stored as 512  512 arrays
after 2  2 spatially binning. The sampling frequency of the CCD camera was
10 Hz. For each stimulus, the image acquisition lasted 10 s and started 1 s earlier
than the beginning of the 2 s stimulus. Therefore, 10 reference frames and 90
signal frames were collected immediately before and during/after the stimulus
presentation, respectively. These 100 images were reduced to 10 images by tem-
porally averaging every 10 frames, reducing the effective sampling rate to 1 Hz.
The ﬁrst image was used as the reference image, which represented the baseline
response before stimulus. The other nine signal images were processed by calcu-
lating the relative optical reﬂectance change using the formula ðS RÞ=R,where S
is the signal image and R is the reference image.
The mouse’s cortex was illuminated by a monochromatic light of 630 nm wave-
length directed by a ﬁber-optic light guide. A 630 ± 30 nm band-pass ﬁlter was ap-
plied in front of the CCD camera to reject any incoming stimulation light. For each
mouse, optical imaging was usually performed 15–25 times at the same intensity
with a 60 s interval between two tests. The optical stimulation and image acquisi-
tion were synchronized using a computer program via a data acquisition board (Na-
tional Instruments, TX).
2.4. Data analysis
The image stacks acquired under the same stimulus for each mouse were
averaged using software developed with Matlab. From the original image, we ex-
tracted a region of 200  200 pixels (3.5  3.5 mm2) that contained the entire
mouse visual cortex (Wagor et al., 1980) (Fig. 1b). For the convenience of display,
all of the extracted images were ﬂipped along the anterior–posterior axis. To
produce the averaged images across subjects, we set up Cartesian coordinates
at the mouse visual cortex. The origin of the coordinates was 1.2 mm posterior
to the bregma and 0.9 mm lateral to the midline. The x-axis was parallel to
the midline.nals. A green LED (505 nm) was used as the stimulation light source to illuminate a
f 30and was placed 5 cm in front of the tested animal’s eye aligned with the eye’s
 3.5 mm2) indicates the region that contains the mouse visual cortex. L, lateral; M,
ipped along the A–P axis. (For interpretation of the references to color in this ﬁgure
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pixel intensity within the activated area. This average pixel intensity was then nor-
malized against the average pixel values outside the activated region in the back-
ground area. The same calculation was performed on all nine signal images so
that the temporally resolved cortex signal could be obtained.
In order to estimate the cortex location with the strongest intrinsic signal at the
corresponding stimulus intensity, we calculated the center of activity (COA) of the
active cortex area using the standard ‘‘center of mass” calculation:
xc ¼
P
i
ximi=
P
i
mi
yc ¼
P
i
yimi=
P
i
mi
8><
>:
; ð1Þ
where (xc, yc) are the coordinates of the center of activity, and mi is the signal inten-
sity at the location (xi, yi). To eliminate the effect of noisy pixels with high/low val-
ues, the mean value of the image was used as the threshold, and erosion and dilation
procedures were applied to obtain the main region of activity. Only those active pix-
els within the main region of activity were used in the calculation.
3. Results
3.1. Validation of intrinsic signal
Fig. 2a shows a series of images from a representative wild-type
C57BL/6J mouse obtained at 1–8 s immediately after the onset of
light stimulation. The activation area appeared as dark pixels due
to elevated optical absorption. A curve of intrinsic signal vs. time
was extracted from the images (Fig. 2b and c). It can be observed
that the intrinsic signal peaked at around 3 s post-stimulation
and decreased thereafter. The total response period lasted about
10 s with the 2-s stimulation.  
a
b c
Fig. 2. Optical imaging of the intrinsic signal. (a) An image sequence of the extracted visua
The last image marked as ‘BG’ in gray-scale shows the surface vasculature and was taken u
small ROI (50  50 pixels) located at the center of the visual cortex. (c) The time-resolved
(a). The light intensity was 1014.4 photons/cm2/s at the surface of the cornea.To further validate whether the observed signals were induced
by our visual stimulation, we acquired the signals while delaying
the stimulus onset for 2 and 3 s. Fig. 3a clearly indicates that the
cortical response was delayed with the stimuli. If the duration of
the stimulation was extended to 3 s (Fig. 3b), the signal duration
increased correspondingly. In all cases, the intrinsic signal began
to increase signiﬁcantly at 1 s after the stimulation started, peaked
at 1 s after the stimulation stopped, and decayed thereafter.
The above validation results (Fig. 3) indicate that the signals we
detected were truly induced by applied visual stimulation. In our
subsequent processing, the maximal response calculated from
the 3 s post-stimulation image was used to represent the intrinsic
signal induced at the corresponding stimulus intensity.
3.2. Visual appearance of cortical responses
As observed in previous studies (Schuett et al., 2002), the ob-
tained intrinsic signal patterns were quite stable among the ani-
mals (Fig. 4). The images in Fig. 4a show that in C57BL/6J mice,
the patterns obtained at a lower stimulus intensity of 1011 pho-
tons/cm2/s were distinctly different from those obtained at a high-
er intensity of 1015.5 photons/cm2/s. At low intensity, the size of the
response area was much smaller and lacked the lateral portion that
appeared at a high intensity. The same response area appearing at
low stimulus intensity also appeared in the images obtained at the
high intensity.
In cpﬂ1 mice, the responses appeared at the medial side
ﬁrst and then expanded to the lateral side until an intensity of  Time (s)
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Fig. 3. Intrinsic signals acquired when (a) the stimulation onset was delayed for 1–3 s; and (b) the duration of stimulation was 2 and 3 s, respectively. The light intensity was
1013.6 photons/cm2/s at the cornea surface.
Fig. 4. Sample intrinsic signal images obtained at a low stimulus intensity of 1011 photons/cm2/s and a high stimulus intensity of 1015.5 photons/cm2/s in different animals.
Four cpﬂ1 mice were fully tested at 1015.5 photons/cm2/s and none showed any responses. Scale bar = 1 mm. L, lateral; M, medial; P, posterior; A, anterior.
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higher intensities, the responses at the medial side suddenly disap-
peared and the lateral half of the responses also gradually disap-
peared. At the maximal stimulation intensity of 1015.5 photons/
cm2/s, no intrinsic signals could be detected.
In rho/ mice, we detected weak intrinsic signals at a stimulus
intensity of 1011 photons/cm2/s. The small active area was consis-
tently located at the middle posterior area (Fig. 4b). At a stimulus
intensity of 1015.5 photons/cm2/s, a much bigger activation pattern
was observed. These images were different from those of the
C57BL/6J mice obtained at the same intensity. Speciﬁcally, the pat-
terns of rho/mice lacked the posterior medial area present in the
C57BL/6J mice.
In cpﬂ1 mice, we were able to detect stable cortical responses
beginning at a stimulus intensity of 1010.4 photons/cm2/s. Four
cpﬂ1 mice were fully tested at the maximal stimulation intensityof 1015.5 photons/cm2/s and none of them indicated any signs of
activities. As can be seen in Fig. 4c, at 1011 photons/cm2/s, the re-
sponses appeared in the center of the visual cortex at (Fig. 4c). In
comparison with those of the C57BL/6J at the same intensity, the
patterns of the cpﬂ1 mice were larger, but lacked the posterior
medial area and extended further to the lateral side.
3.3. Quantitative image analysis
The visual appearance of the intrinsic maps obtained was
clearly different among the three strains. There were also some
variations among individual animals in each strain. In order to
determine whether the difference in cortex responses was statisti-
cally signiﬁcant among the three mouse strains, we performed a
quantitative image analysis on two features extracted from each
cortical map. First, we compared the COA calculated from Eq. (1).
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Fig. 5. Centers of activity in three strains under different stimulus intensities, ex-
tracted from the averaged 3-s images (acquired at 3 s after the onset of stimula-
tion). The coordinates are the same as those in Fig. 2. Different symbols are used to
represent values obtained at different stimulus intensities. The error bars show the
standard deviation. L, lateral; M, medial; P, posterior; A, anterior.
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of interest (ROIs) that appeared to have the most signiﬁcant differ-
ence among different strains.
Fig. 5 shows the calculated COA of the cortical responses under
different stimulus intensities. There was a signiﬁcant difference
among the results obtained from the three mouse strains. When
the stimulus intensity increased from 1010.4 photons/cm2/s to
1015.5 photons/cm2/s, the COA of the C57BL/6J mouse moved
0.4 mm toward the center of the visual cortex. However, the
COAs were close to each other at the higher intensities between
1012.2 photons/cm2/s and 1015.5 photons/cm2/s. The COAs of the
rho/ mouse were relatively focused and appeared to have moved
0.2 mm toward the lateral side from those of the C57BL/6Jmouse
at higher intensities. On the other hand, the COAs of the cpﬂ1
mouse moved toward the anterior side from those of the C57BL/
6J mouse obtained at higher intensities.
As an estimation of the inter-animal variations in each strain,
we applied schematic box-and-whisker plots (Tukey, 1977) to ana-
lyze the spread of calculated COAs for each stimulus intensity in
each strain. The results indicated there was only one C57BL/6J out-
lier at 1010.4 photons/cm2/s and 1013.6 photons/cm2/s, only one
rho/ outlier at 1013.6 photons/cm2/s, and no cpﬂ1 outliers at
any stimulus intensities. In addition, these outliers were all mild
outliers (less than three times the interquartile range) and did
not change the statistical conclusions described below.
An overall multivariate analysis of variance (MANOVA) on the x
and y coordinates of the COAs indicated a signiﬁcant difference
among the three strains (P < .0001). We then applied post-hoc t-
tests on the x and y coordinates of the COAs at six different stimu-
lus intensities from 1010.4 photons/cm2/s to 1015.5 photons/cm2/s.
The Bonferroni-corrected statistical P values are listed in Table 1.
At a signiﬁcance level of 0.05, the COAs of the C57BL/6J and rho/
mice were signiﬁcantly different along y-axis at all the intensities.
The COAs of the C57BL/6J and cpﬂ1mice were also signiﬁcantly dif-
ferent along the y-axis at low intensities 61012.2 photons/cm2/s)
and along the x-axis at high intensities (P1012.2 photons/cm2/s).
The COAs of the rho/ and cpﬂ1 mice were signiﬁcantly different
along the x-axis at both a low intensity of 1011 photons/cm2/s
and a high intensity of 1014.4 photons/cm2/s.
Based on our observations of image patterns in each individual
mouse (Fig. 4), the posterior medial region and the lateral region of
the response patterns were the sites at which the intrinsic signal
varied the most in different mouse strains and at different stimulus
intensities. We also noticed that the intrinsic signal at the central
region was relatively stable and could be used as the control re-
gion. Therefore, as a quantitative approach, we calculated the value
of the intrinsic signal at 3 s post-stimulation from three different
small ROIs corresponding to the three regions across the mouse vi-
sual cortex (Fig. 6a). The size of each ROI was 20  20 pixels. The
calculated signals were normalized against the maximal signal ob-
tained in the same strain. Solid lines in Fig. 6b (C57BL/6J) and
Fig. 6d (rho/) were obtained by ﬁtting results using a sigmoid
function of the form:
y ¼ a
1þ eðxx0Þb ; ð2Þ
where y is the signal amplitude and x is the logarithm of the irradi-
ance (photons/cm2/s). The maximal signal is a, and x0 represents the
irradiance at which the signal is half of the maximum. The coefﬁ-
cient b represents the slope of the intensity–response curve.
ROI 1 was located at the center of the cortical responses ob-
tained from C57BL/6J mice at high intensities. Within this region,
when 0.2 was used as the response threshold, the corresponding
stimulus thresholds were 109 photons/cm2/s and 1011 photons/
cm2/s for C57BL/6J and rho/ mice, respectively. ROI 2 was located
1 mm medial-posterior of ROI 1. Within ROI 2, C57BL/6J micereached the threshold at 109.5 photons/cm2/s. Although rho/
mice reached a signal intensity of 0.2 at around 1012 photons/
cm2/s, the signal amplitude was much smaller compared with
other regions, indicating relatively low neuronal activity in this
area. For ROI 3, located 1 mm laterally to ROI 1, both C57BL/6J
and rho/ mice reached the threshold at an intensity of around
1011 photons/cm2/s. However, in C57BL/6J mice, the signal reached
saturation level at an intensity of 1012 photons/cm2/s, while for
Table 1
The P values obtained in post-hoc t-tests for pair-wised comparisons of the COAs in three mice strains
Strain Axis Stimulus intensity levels (photons/cm2/s)
1010.4 1011 1012.2 1013.6 1014.4 1015.5
C57BL/6J vs. rho/ X – 0.0012 0.4287 0.2103 0.4230 0.2004
Y – 0.0054 0.0217 0.0141 <0.0001 <0.0001
C57BL/6J vs. cpﬂ1 X 0.0002 0.8529 0.1482 0.0147 <0.0001 –
Y <0.0001 0.0261 0.0426 1.0000 1.0000 –
rho/ vs. cpﬂ1 X – <0.0001 1.0000 0.2676 <0.0001 –
Y – 1.0000 1.0000 0.7998 0.0003 –
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Fig. 6. Intrinsic signals retrieved at different visual cortex locations and at different stimulus intensities. (a) Three small ROIs used for extracting the curves. The sample image
shown was from C57BL/6J mice at an intensity of 1014.4 photons/cm2/s. Also shown are the amplitudes of intrinsic signals under different stimulus intensities in (b) C57BL/6J
mice, (c) cpﬂ1 mice, and (d) rho/ mice. The error bars indicate the standard error. The solid lines in graphs (b) and (d) were obtained by ﬁtting results using a sigmoid
function.
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sity until the intensity was above 1014 photons/cm2/s.
The ROI curves in cpﬂ1 mice (Fig. 6c) were quite different from
those in C57BL/6J and rho/ mice. There was essentially no signal
from ROI 2. The intrinsic signals from ROI 1 and 3 increased ini-
tially, reached a peak value at 1011–1012 photons/cm2/s, and de-
creased thereafter. The responses in ROI 3 were shifted toward a
higher stimulus intensity relative to the signals in ROI 1. As a quan-
titative conﬁrmation of our visual observations, no intrinsic signal
was obtained at stimulus intensities higher than 1014 photons/
cm2/s.
We applied the schematic box-and-whisker plot to investigate
the inter-animal variations of the raw ROI signal within each
strain. In C57BL/6J mice, there were one outlier at 1011 photons/
cm2/s and two outliers at 1013.6 photons/cm2/s. In cpﬂ1mice, there
were one outlier each at 1010.4 photons/cm2/s and 1011 photons/
cm2/s and two outliers at 1012.2 photons/cm2/s. There were no out-
liers in the rho/ strain. All of these outliers were mild outliers
(less than three times the interquartile range) and did not change
the statistical conclusions described below.To statistically verify the difference among the three mouse
strains, two-way ANOVAs were performed on the data shown in
Fig. 6 to investigate the effect of the strain and the stimulus inten-
sity. All data were conﬁrmed beforehand to conform to a normal
distribution using the Kolmogorov–Smirnov test. Two-way ANO-
VAs revealed that the strain effect was signiﬁcant in all three ROIs
(in ROI 1, P = .0007; in ROI 2, P < .0001; in ROI 3, P = .0194). The
stimulus intensity had a signiﬁcant effect in ROI 1 (P = .0316) and
ROI 3 (P < .0001), but not in ROI 2 (P = .3571). Follow-up post-hoc
t-tests were then carried out for each ROI for the effect of strain be-
tween C57BL/6J and rho/ or cpﬂ1 at stimulus intensities from
1010.4 photons/cm2/s to 1015.5 photons/cm2/s. The statistical P val-
ues are listed in Table 2, and all statistics were Bonferroni cor-
rected. The results revealed that the difference between C57BL/6J
and rho/ mice was signiﬁcant in ROI 2 at all the intensities, but
not in ROI 3 and ROI 1 at high intensitiesP 1012.2 photons/cm2/
s). The difference between C57BL/6J and cpﬂ1 mice was signiﬁcant
in all three ROIs at a stimulus intensity of 1014.4 photons/cm2/s. At
higher stimulus intensities, no response was observed in cpﬂ1
mice.
Table 2
The P values obtained in post-hoc t-tests for pair-wised comparisons of the ROIs in three mice strains
Strain ROI Stimulus intensity levels (photons/cm2/s)
1010.4 1011 1012.2 1013.6 1014.4 1015.5
C57BL/6J vs. rho/ 1 – 0.0117 1.0000 1.0000 1.0000 1.0000
2 – 0.0290 <0.0001 0.0394 0.0045 0.0051
3 – 0.4431 1.0000 0.6165 0.4617 0.5274
C57BL/6J vs. cpﬂ1 1 1.0000 1.0000 1.0000 1.0000 0.0033 –
2 0.3684 0.1878 0.0024 1.0000 0.0243 –
3 1.0000 1.0000 1.0000 1.0000 0.0414 –
rho/ vs. cpﬂ1 1 – 0.2616 1.0000 0.4155 0.0033 –
2 – 1.0000 1.0000 1.0000 1.0000 –
3 – 0.1794 1.0000 1.0000 0.0024 –
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Depending on the detection wavelength, optical intrinsic sig-
nals can be generated from three different sources: blood volume,
oxygenation, and scattering changes (Bonhoeffer & Grinvald,
1996). Because of the red imaging light (630 nm) used in this
study, the intrinsic signal was generated mostly as a result of blood
oxygenation changes that occurred during neuron activations
(Zepeda et al., 2004).
Our results indicated that optical intrinsic signals in mice had
distinct thresholds corresponding to the rod and cone photorecep-
tors. The loss of rod function in rho/ mice can be readily veriﬁed
in ERG studies: the dark-adapted ERGs were not detectable at stim-
ulus intensities less than the cone thresholds. In addition, no a-
waves could be identiﬁed in dark-adapted ERGs, while the b-wave
amplitudes at high intensities were similar to those of the C57BL/6J
mice. In addition, behavioral tests (Schmucker et al., 2005) showed
that rho/ mice had no spatial vision under scotopic conditions.
Similarly, no optical intrinsic signal was detected at the visual cor-
tex of rho/ mice at low stimulus intensities. Based on the results
presented in Fig. 6, the cone-mediated cortical responses began to
appear at 1011 photons/cm2/s. This threshold value is about 1 log
unit lower than that obtained from ERG and pupillary light reﬂex
(PLR) studies using a similar experimental setup (Yao, Zhang, Bel-
lassai, Chang, & Lei, 2006). It is interesting to note that in humans,
the psychophysical luminance threshold (cortical level) was also
found to be lower than the ERG threshold (Frishman, Reddy, & Rob-
son, 1996).
The rod functions of cpﬂ1mice remain intact until 15 months of
age (Chang et al., 2002). However, the observed stimulation thresh-
old was a little higher than that of the wild-type mouse, as shown
in Fig. 6. Studies have reported that no ERG response was recorded
in cpﬂ1mice during light-adaptation when rod functions were sup-
pressed (Lei et al., 2006; Yao et al., 2006), which was similar to the
ﬁnding in CNGA3 knockout mice (Biel et al., 1999). Similar ﬁndings
were published in a recent VEP study (Ridder & Nusinowitz, 2006).
In agreement with these ﬁndings, we found no cortical response in
this mouse strain at the highest stimulus intensity.
When stimulus intensities are below the cone threshold of
1011 photons/cm2/s, any observed cortical signals must be medi-
ated via the rod pathways. Using our current system, the minimal
stimulus intensity required to obtain detectable intrinsic signals in
C57BL/6J mice was 109 photons/cm2/s, 2 log units smaller than
the response threshold in rho/ mice. This threshold value is sim-
ilar to that obtained from ERG and PLR studies (Yao et al., 2006). It
should be noted that such quantitative threshold values may de-
pend on the sensitivity and noise level of the instruments utilized.
When stimulus intensities are higher than 1012.2 photons/cm2/s,
both cones and rods may mediate visual signals. The intrinsic sig-
nal patterns obtained in C57BL/6J and rho/mice were quite stable
yet signiﬁcantly different. The pattern in rho/mice lacked the re-sponses at the posterior medial region (lower left). Hypothetically,
if the map of C57BL/6J mice at 1011 photons/cm2/s (Fig. 4a) was
combined with that of rho/ mice at the intensity of 1015.5 pho-
tons/cm2/s (Fig. 4b), the resulting image would have looked similar
to the map of C57BL/6J mice obtained at 1015.5 photons/cm2/s
(Fig. 4a).
The aforementioned ﬁndings seem to suggest that rods and
cones may project to different areas in the mouse visual cortex.
The rod projections were shifted to the medial side compared to
the cone projections. It is interesting to note that photoreceptor-
dependent cortical projections have been observed in the human
visual cortex (Baseler et al., 2002; Hadjikhani & Tootell, 2000) be-
cause of an inhomogeneous distribution of photoreceptors, specif-
ically at the fovea area. However, such a comparison was plausible
because in mice, the global rod and cone density is roughly uni-
form all over the retina (Szél, Lukáts, Fekete, Szepessy, & Röhlich,
2000). In addition, results from cpﬂ1 mice indicated that rod-med-
iated intrinsic signals were completely suppressed at 1015.5 pho-
tons/cm2/s. If the same phenomenon can be applied to C57BL/6J
mice, the different intrinsic maps observed in the two strains were
caused solely by different cone projections. Combining this with
the observation that the intrinsic maps observed in C57BL/6J and
cpﬂ1mice were also signiﬁcantly different at low stimulus intensi-
ties, these results suggest that signiﬁcant reorganization in the vi-
sual pathways beyond the retina occurred in mouse strains with
photoreceptor defects.
The other interesting observation was that the intrinsic signal
maps in C57BL/6J mice were obviously stimulus intensity-depen-
dent, especially when the light intensity was below the cone
threshold. This phenomenon has not been reported before, and
its biological origination still requires further investigation. How-
ever, it indicated that the effect of stimulus intensity should be
considered when analyzing optical intrinsic signals.
We would like to point out that a major difference between the
present study and previously published studies (Cang et al., 2005;
Kalatsky & Stryker, 2003; Schuett et al., 2002; Smith & Trachten-
berg, 2007) was the use of a stationary illumination target instead
of moving targets. We showed that a stationary stimulus can
clearly elicit consistent and strong optical intrinsic signals in the
mouse visual cortex. When our results are compared to those of
a previous electrophysiological study (Metin, Godement, & Imbert,
1988), the observed intrinsic map corresponded to the V1 region in
the mouse primary visual cortex.
Previous retinotopic studies (Hübener 2003; Kalatsky & Stryker,
2003; Schuett et al., 2002) have revealed that the most signiﬁcant
difference between mice and other higher mammals is the lack of
columnar organizations in mice. Although the mouse visual cortex
contains a continuous map of the visual ﬁeld, substantial groups of
neurons are non-oriented cells or have large receptive ﬁelds (Drä-
ger 1975; Mangini & Pearlman, 1980; Metin et al., 1988). These
ﬁndings suggest that stationary stimuli may excite different neu-
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the patterns we obtained in C57BL/6J mice at high intensity were
quite similar to the results obtained with a moving target (Kalatsky
& Stryker, 2003).
Because all measurements were conducted in anesthetized ani-
mals, it is possible that the anesthesia effect may vary among ani-
mals and over the course of the 2–3 h measurement period. In our
studies, the animal body temperature and heart rate were rather
stable throughout the whole process. It also appeared the optical
signal was quite stable during the entire measurement period.
The imaging results showed no correlation with the temporal order
in which different stimulus intensities were applied. These tests
suggest that the anesthesia protocol applied in this study had little
impact on the results obtained.
5. Conclusions
We used optical imaging of intrinsic signals to study the
inﬂuence of visual stimulus intensity on responses in the mouse
visual cortex. We found that stationary ﬂicker stimuli can induce
clear responses in the mouse visual cortex. The patterns of the
intrinsic signal varied according to the stimulus intensity and
the mouse strain. These observations are likely attributable to
the reorganization in the visual neural systems induced by the
lack of normal functions of certain photoreceptors. These results
indicate that optical intrinsic imaging could provide useful infor-
mation in characterizing visual systems in mice with various ret-
inal defects.
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